Establishing precise synaptic connections is crucial to the development of functional neural circuits. The direction-selective circuit in the retina relies upon highly selective wiring of inhibitory inputs from starburst amacrine cells 1 (SACs) onto four subtypes of ON-OFF direction-selective ganglion cells (DSGCs), each preferring motion in one of four cardinal directions 2 . It has been reported in rabbit that the SACs on the 'null' sides of DSGCs form functional GABA (c-aminobutyric acid)-mediated synapses, whereas those on the preferred sides do not 3 . However, it is not known how the asymmetric wiring between SACs and DSGCs is established during development. Here we report that in transgenic mice with cell-type-specific labelling, the synaptic connections from SACs to DSGCs were of equal strength during the first postnatal week, regardless of whether the SAC was located on the preferred or null side of the DSGC. However, by the end of the second postnatal week, the strength of the synapses made from SACs on the null side of a DSGC significantly increased whereas those made from SACs located on the preferred side remained constant. Blocking retinal activity by intraocular injections of muscimol or gabazine during this period did not alter the development of direction selectivity. Hence, the asymmetric inhibition between the SACs and DSGCs is achieved by a developmental program that specifically strengthens the GABA-mediated inputs from SACs located on the null side, in a manner not dependent on neural activity.
Establishing precise synaptic connections is crucial to the development of functional neural circuits. The direction-selective circuit in the retina relies upon highly selective wiring of inhibitory inputs from starburst amacrine cells 1 (SACs) onto four subtypes of ON-OFF direction-selective ganglion cells (DSGCs), each preferring motion in one of four cardinal directions 2 . It has been reported in rabbit that the SACs on the 'null' sides of DSGCs form functional GABA (c-aminobutyric acid)-mediated synapses, whereas those on the preferred sides do not 3 . However, it is not known how the asymmetric wiring between SACs and DSGCs is established during development. Here we report that in transgenic mice with cell-type-specific labelling, the synaptic connections from SACs to DSGCs were of equal strength during the first postnatal week, regardless of whether the SAC was located on the preferred or null side of the DSGC. However, by the end of the second postnatal week, the strength of the synapses made from SACs on the null side of a DSGC significantly increased whereas those made from SACs located on the preferred side remained constant. Blocking retinal activity by intraocular injections of muscimol or gabazine during this period did not alter the development of direction selectivity. Hence, the asymmetric inhibition between the SACs and DSGCs is achieved by a developmental program that specifically strengthens the GABA-mediated inputs from SACs located on the null side, in a manner not dependent on neural activity.
The ability to detect motion in the visual scene is a fundamental computation in the visual system that is first performed in the retina. Motion direction is encoded by DSGCs, which fire a maximum number of action potentials during movement in their preferred direction, but fire minimally for movement in the opposite, or null, direction 4, 5 . In the mammalian retina, the directional preference of an ON-OFF DSGC is caused by asymmetric inhibitory inputs: movement in the null direction causes strong inhibition that effectively shunts lightevoked excitatory inputs. Indeed, blocking GABA A receptors abolishes the directionality of DSGCs by increasing spiking in response to nulldirection motion [6] [7] [8] . Null-side inhibition is thought to arise from SACs because their processes cofasciculate with DSGC dendrites 9, 10 , where they form direct GABAergic synapses 3 , and because ablation of SACs eliminates the directional preference of DSGCs 11, 12 . How SAC-DSGC synapses are organized to provide asymmetric inhibition has been an intriguing but difficult question because no apparent asymmetry is detected in the morphology or the distribution of synaptic markers in DSGCs and SACs [13] [14] [15] . The first and only piece of evidence for the synaptic basis of asymmetric inhibition came from a functional study between SAC and DSGC pairs in rabbit retina 3 , which suggested that SACs on the null side provide inhibitory inputs to the DSGCs but that those on the preferred side do not. Whether this asymmetric inhibition exists in the mouse is not known. In addition, because the directional preference of an ON-OFF DSGC is present by eye opening [16] [17] [18] and the identification of DSGCs and their preferred directions is almost impossible before the onset of the light response, little is known about the developmental program that shapes the SAC-DSGC synapses.
Here we use paired recordings and morphological reconstructions from a double-transgenic mouse line that selectively expresses two variants of green fluorescent protein (GFP) in SACs and nasal-preferring ON-OFF DSGCs (nDSGCs) to characterize the organization and the development of the precise wiring between SACs and DSGCs. These mice were generated by crossing two existing lines: Drd4-GFP mice, where Drd4 promoter-driven GFP expression is restricted to nDSGCs 19 , and mGluR2-GFP mice (mGluR2 also known as Grm2), where a membrane-tethered human interleukin-2a/GFP fusion protein is expressed specifically in SACs in the retina (Fig. 1a) 
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To detect functional GABAergic synapses between SACs and DSGCs, we performed targeted whole-cell voltage-clamp recordings from SAC-DSGC pairs in whole-mount retinas. To isolate GABAergic synapses, paired recordings were carried out in the presence of drugs that block excitatory synaptic transmission (Fig. 1b) . Alexa dyes were included in the recording pipettes to visualize the dendritic morphology of the recorded pairs (Fig. 1c) . Only pairs with overlapping dendritic fields were used for analysis.
Paired recordings were carried out in postnatal-day-4 (P4), P7, P14 and adult mice. At P4, GABAergic currents elicited by SAC depolarization were detected in nDSGCs in 64% of pairs (16 of 25 pairs; Fig. 1b, d ), indicating that synapse formation between SACs and nDSGCs occurred before and during the first postnatal week, confirming previous findings 10 . By P7, nearly all pairs showed unitary GABAergic connections (P7: 85%, 29 of 34 pairs), and this high level of connectivity persisted into adulthood (P14-48: 91%, 41 of 45 pairs; Fig. 1d ). The evoked response was completely blocked by the GABA A receptor antagonist gabazine (5 mM, n 5 4; data not shown), indicating that the GABAergic transmission between SACs and nDSGCs is mediated by GABA A receptors. We note that the finding that connections were readily detected between SACs located on the preferred side of DSGCs in adult mice is in contrast to previous findings in rabbit 3 . Though SACs located on both the preferred side and the null side formed GABAergic synapses with DSGCs, a significant asymmetry in the unitary synaptic strength emerged along the null-preferred axis during the second postnatal week. Synaptic strength was quantified as the GABA A -receptor-mediated whole-cell conductance. These measurements were restricted to the null-side and preferred-side pairs that had similar amounts of overlap between SAC processes and DSGC dendrites. Unexpectedly, at P4 and P7 the GABAergic conductances from both groups were similar (Fig. 2 ). However, a significant increase in unitary conductance was detected in the null-side pairs but not in the preferred side pairs in retinas at P14 and older (Fig. 2) . Hence, the establishment of the direction-selective circuits is mediated by an asymmetric increase in the strength of the unitary conductance between SACs and DSGCs in the week before eye opening.
The difference in GABAergic conductance from the null-and preferred-side SACs prompted us to examine two possibilities regarding the mechanisms underlying this strengthening. First we tested whether this functional asymmetry was correlated with the number or quality of contacts between SACs and nDSGCs, indicating a preferential adhesion between SACs located on the null side and DSGCs 3 , which is an important mechanism for dendritic differentiation and synaptogenesis in other systems 21, 22 . After electrophysiological recording, the dendritic arborizations of the synaptically connected, Alexa-dye-filled SAC-nDSGC pairs from P14 to P48 were imaged live with a two-photon microscope and reconstructed using NEUROLUCIDA (Fig. 3a) . We examined the overlapping region between the nDSGC dendrites and the distal portion (roughly the outer third) of the SAC processes enriched in varicosities, which are the sites of neurotransmitter release 9 . Crossing points between distal SAC processes and nDSGC dendrites were defined as 'contacts' (Fig. 3a, inset) . A subset of contacts exhibited cofasciculation 9, 10, 23 , which were defined as 2-mm segments along which the processes from the two cells remained in contact (Fig. 3a, inset) . The null-and preferred-side SAC-nDSGC pairs showed a similar density of contacts (Fig. 3b) and cofasciculations (Fig. 3c) . No asymmetry was found when all of the SAC processes were included in the above analysis ( Supplementary Fig. 1 ). Therefore, the functional asymmetry in GABAergic synapses does not involve selective adhesion between null-side SAC processes and DSGC dendrites 24 .
The second possibility we tested was whether spontaneous retinal activity during the second postnatal week has a role in the establishment of direction selectivity. DSGCs are depolarized by retinal waves, and activity could therefore potentially influence the synapse strengthening 25 . To this end, we first confirmed that the GFP-labelled nDSGCs in the Drd4-GFP mice showed a clear preference for nasal motion at eye opening (Fig. 4a) that was sensitive to the GABA A receptor antagonist gabazine ( Supplementary Fig. 2) , with a direction selectivity index similar to those recorded in the adult (Fig. 4b) . We then injected muscimol, a GABA A receptor agonist, intravitreally into Drd4-GFP mice to block all spontaneous and evoked neural activity in the retina 26 .
In the presence of muscimol, evoked synaptic transmission from SACs to nDSGCs and spontaneous activity in both cell types were completely suppressed ( Fig. 4c and Supplementary Fig. 3a, b) . The effectiveness of muscimol injection at blocking activity in vivo was confirmed by examining eye-specific segregation of retinogeniculate projections, which is an independent measure of retinal activity ( Supplementary  Fig. 3c, d) , and the persistence of fluorescently labelled muscimol in the retina at 48 h post-injection ( Supplementary Fig. 3e) .
We assessed the responses of nDSGCs to stationary flashes and drifting gratings in P14-15 mice that had received repeated muscimol injections in the second postnatal week. Muscimol treatment did not prevent the development of direction-selective responses or significantly reduce RESEARCH LETTER directional tuning of nDSGCs (Fig. 4a, b) . Normal ON and OFF light responses were also present in the muscimol-treated group, although there was an increase in the number of cells that did not respond to gratings in the muscimol-treated group ( Supplementary Fig. 4) . In visual cortex, activation of GABA A receptors is required for maturation of GABAergic synapses 27 . To test the hypothesis that GABA A receptor activation is required for the development of direction selectivity, we performed intravitreal injections of the GABA A receptor antagonist gabazine into Drd4-GFP mice during the second postnatal week. Gabazine treatment did not prevent the development of direction-selective responses of GFP-positive cells to drifting gratings (Fig. 4a, b) . Therefore, the development of direction selectivity arises independently of the activation of GABA A receptors.
To begin exploring the synaptic basis of this increase in conductance between null-side SACs and DSGCs, we recorded the spontaneous inhibitory postsynaptic currents (IPSCs) from nDSGCs at P7 and P14. We found a significant increase in the frequency and no significant change in the amplitude of the GABAergic IPSCs, although there was a trend towards larger IPSC amplitudes at P14 ( Supplementary  Fig. 5 ). This result is consistent with the hypothesis that the stronger GABAergic unitary conductance for the null-side pairs is primarily due to increased numbers of functional GABAergic synapses. However, we cannot tell whether the spontaneous IPSCs originate from the null-or preferred-side SACs. Further study is required to determine the relative role increases in synapse number versus synapse strength have in the increase in the unitary conductance between nullside SACs and DSGCs.
Our study demonstrates that asymmetric inhibition arises during the second postnatal week through selective strengthening of the GABAergic conductance from SACs on the null sides of DSGCs. Morphological analysis revealed a similar degree of dendritic contact and cofasciculation between SACs on the null or preferred side, indicating that the synapse development is dissociated from physical encounters between SAC processes and DSGC dendrites, as was recently found in barrel cortex 28 .
In addition, we found that blocking depolarization-induced activity or GABA A receptor activation did not affect the establishment of direction selectivity in the retina, in sharp contrast to direction-selective cells in the visual cortex 29 . This finding lends support to previous studies showing that early visual experience [16] [17] [18] or cholinergic retinal waves 18 are not involved in establishing retinal direction selectivity. Therefore, the mechanism underlying the development of retinal direction selectivity is an asymmetric increase in the strength of the inhibitory unitary conductance between SACs and DSGCs in the week before eye opening, without the establishment of asymmetrical dendritic contacts and independent of spontaneous neural activity.
METHODS SUMMARY
We performed dual whole-cell voltage-clamp recordings from SAC-nDSGC pairs in oxygenated artificial cerebrospinal fluid at 32-34 uC containing 119.0 mM NaCl, 26.2 mM NaHCO 3 , 11 mM glucose, 2.5 mM KCl, 1.0 mM K 2 HPO 4 , 2.5mM CaCl 2 , 1.3 mM MgCl 2 , 0.05 mM AP5, 0.02mM DNQX and 0.008mM DHbE. Recording electrodes of 3-5 MV were filled with an internal solution containing 110 mM CsMeSO 4 , 2.8 mM NaCl, 4 mM EGTA, 5 mM TEA-Cl, 4 mM adenosine 59-triphosphate (magnesium salt), 0.3 mM guanosine 59-triphosphate (trisodium salt), 20 mM HEPES and 10 mM phosphocreatine (disodium salt), 0.025 mM Alexa 488 (for SACs) and 0.025 mM Alexa 594 (for nDSGCs), pH 7.2. Data were acquired using PCLAMP 10 recording software and a Multiclamp 700A amplifier (Molecular Devices). The GABAergic conductance was calculated from the linear portion of the current-voltage curve for the SAC-evoked currents in nDSGCs. After recording, we imaged the dye-filled SACs and the nDSGCs using a custom-modified two-photon microscope as described previously 30 (FluoView 300, Olympus America) at 745 nm. Images were acquired at z intervals of 0.5 mm using a 360 objective (Olympus LUMPlanFl/IR 360/0.90W). SAC and nDSGC processes were reconstructed from image stacks with NEUROLUCIDA. For in vivo injections, we anaesthetized animals with 3.5% isoflurane/2% O 2 . The eyelid was then opened with fine forceps, and 1 ml of 10 mM muscimol, 500 mM gabazine or saline was injected using a fine glass micropipette. Injections were made with a picospritzer (World LETTER RESEARCH
